ABSTRACT This paper deals with the inÑuence of JupiterÏs "" Great Inequality ÏÏ (GI) on the orbital evolution of 2 : 1 resonant asteroids. This perturbation of JupiterÏs motion enhances the chaotic di †usion of orbits and the depletion of asteroids in the Hecuba gap. The failure of models that adopt for Jupiter an elliptic motion with only secular perturbations is explained. We also show the dependence of the di †usion rates on the GI period, and the maximum di †usion rates that would take place if the GI period were closer to the libration period. SigniÐcant similar e †ects are absent in the 3 : 2 asteroidal resonance.
INTRODUCTION
The lack of asteroids in 2 : 1 resonance with Jupiter is one of the oldest problems on our solar system. It was raised in the years 1860È1866, when three asteroids (76 Freia, 65 Cybele, and 87 Sylvia) were discovered beyond the 2 : 1 resonance, leaving a large void (of 0.23 AU) between them and the most distant asteroid known before their discovery (57 Mnemosyne). A study of the Ðrst 91 asteroids by Kirkwood showed that other similar voids were apparent at the (1867) distances corresponding to the 7 : 2, 3 : 1, 5 : 2, and 9 : 4 resonances. This problem remained unexplained until very recently. Even now, when we may consider this century-old problem solved, several facts in the dynamics of the asteroidal motion in 2 : 1 resonance with Jupiter are not yet completely understood.
More than 10 years elapsed between WisdomÏs (1982, Ðrst explanation of the lack of asteroids in 3 : 1 reso-1983) nance with Jupiter and the explanation of the depletion of the Hecuba gap. The reason for such a long delay is related to the very nature of the depletion of the Hecuba gap. In the case of the 3 : 1 resonance (the Hestia gap), planar models with an asteroid being perturbed by Jupiter in a Ðxed elliptic orbit were enough to show fast chaotic variations in the orbital eccentricity. A few million years is a long enough time to allow an asteroid in the 3 : 1 resonance to become a Mars crosser (Wisdom 1982) or an Earth crosser (Ferraz-& Klafke Still more realistic models show that Mello 1991). such an asteroid may even be bound to collide with the Sun et al.
In the 2 : 1 resonance, the timescale is (Farinella 1994) . much longer. The long-term simulations done recently by show that even 109 years are not enough Morbidelli (1996) to drive all asteroids out from the resonance. The typical time in which an asteroid reaches the resonance borders and has a close approach to Jupiter is typically from tens to hundreds of million years (Morbidelli 1996 ; Ferraz-Mello & Michtchenko 1997) .
The other important di †erence from the 3 : 1 resonance is the minimum solar system model needed to trigger the depletion of the 2 : 1 resonance. The planar model with Jupiter in a Ðxed elliptic orbit was studied by numerical averaging. Its surfaces of section show (Ferraz-Mello 1994a) very robust structures, similar to bundles of KAM tori. Generally, an asteroid with initial eccentricity of the order of 0.1È0.3 will be forever conÐned to that region of the phase space ; it will never become a planet crosser. One solar system with just one large planet (Jupiter) could support the existence of an important group of asteroids in the 2 : 1 resonance for gigayears, in contrast to the gap observed in our solar system.
If a more realistic Jovian orbit is assumed, with the perihelion moving and the eccentricity varying according to the linear theory of secular planetary perturbations, strong chaos appears at the resonance borders and in the bifurcation separating the main libration mode from the higheccentricity corotation zone & Morbidelli (Moons 1993) . The basic robustness of the conÐning structures of the phase space is not changed when three-dimensional models are considered & Moons Now some new (Morbidelli 1993 ). facts arise. The line, corresponding to the resonance of l 16 the nodes of the asteroid and Jupiter, goes across the robust KAM-like structure of the planar model. Along it, the inclination of an asteroid can increase from very small to large values, and as later shown by Watanabe, & Henrard, Moons a bridge appears at high inclinations linking (1995), the previously observed chaotic domains in low and high eccentricities. Although the depletion of the gap is not yet explained by this model, the bridge allows us at least to understand the results of some numerical integrations showing orbits starting at low eccentricities and reaching high eccentricities (see But apart from the Wisdom 1987). "" bridge,ÏÏ there is what Henrard et al. called the "" backwater under the bridge ÏÏ ; under the "" bridge ÏÏ lies a region of phase space that seems to be protected from close encounters with the planets. In their words, "" Orbits starting with small amplitude of libration, small inclination, and eccentricities between 0.25 and 0.45 do not seem to have many possibilities to evolve. There are no resonances there, except very high-order resonances and the evolution through Arnold di †usion should be very, very slow ÏÏ (Henrard et al. 1995) . Gravitational models were showing themselves unable to explain the observed gap and to rule out the need for some ad hoc cosmogonic scenarios. A thorough review of the investigations carried out using these semianalytic models was recently published by Moons (1997) .
The Ðrst clear indication of a global stochasticity in the phase space of the 2 : 1 resonance came from the calculation of maximum Lyapunov numbers in a complete threedimensional model including Jupiter and Saturn (FerrazMello Integrations over 7 Myr showed 1994a , 1994b . maximum Lyapunov numbers generally in the range 10~5 to 10~4 yr~1. Then, one fast symplectic mapping using a semianalytic expansion of the disturbing function, valid for high eccentricities, was constructed (Ferraz-Mello 1996, It allowed us to explore large sections of the phase 1997). space in less time than precise numerical integrations, to switch models easily, and thus to assess the importance of many di †erent combinations of the forces acting on the asteroid. At last, the global stochasticity was clearly demonstrated through LaskarÏs frequency-map analysis (Nesvorny & Ferraz-Mello Nesvorny , & Micht-1997 ; Ferraz-Mello, chenko 1998 ).
As noted above, previous investigations using semianalytic models only considered variations in JupiterÏs motion caused by secular perturbations by the outer planets. They did not take into account those perturbations classed as "" short-period ÏÏ perturbations. Even the so-called Great Inequality (GI) of JupiterÏs longitude, due to the approximate 5 : 2 commensurability between the orbital periods of Saturn and Jupiter and their counterparts in the longitude of perihelion and eccentricity, were neglected.
At variance, our Ðrst planar symplectic mapping included eight long-period oscillations in JupiterÏs eccentricity and longitude of perihelion, with periods ranging from 25,000 yr to 2 Myr, and two short-period perturbations, with periods 61 and 883 yr (frequencies and n Jup [ 2n Sat 2n Jup [ 5n Sat , respectively). Thanks to the speed of the mapping, we have been able to perform a number of di †erent experiments, including a systematic study of solutions with initial conditions in a grid of 40 initial conditions delimited by initial eccentricities in the interval 0.11È0.35 and semimajor axes in the interval 3.272È3.284 AU (the middle of the resonance lies close to 3.276 AU). It was shown that, when the model adopted for JupiterÏs orbit includes both short-and longperiod perturbations, the transitions allowing its eccentricity to increase up to e \ 0.56 in less than 109 yr occurred for 87% of the points of the grid ; otherwise, when only the long-period perturbations were considered, just a small percentage of the solutions reached the same condition. (Some later tests showed that the 61 yr perturbations associated with the angle have no inÑuence, the perturj Jup [ 2j Sat bations associated with the Great Inequality being by far the most important.) Thus, the introduction into our model of perturbations enhanced by the small divisor was sufficient to 2n Jup [ 5n Sat create di †usive structures able to provoke the chaotic evolution of an orbit starting with a small amplitude of libration, small inclination, and eccentricities between 0.2 and 0.4. The main weakness of models considering only longperiod perturbations and secular resonances was, by this means, identiÐed.
The inÑuence of the Great Inequality and associated perturbations on 2 : 1 resonant asteroids is the subject of this paper. The following sections will consider the dependence of the di †usion rates on the GI period as observed in (°2), symplectic mappings and scaled numerical integrations (°°and the mechanisms that give rise to chaotic 2.1 2.2) ; di †usion of orbits in the complete model and the (°3) ; absence of important similar e †ects in the 3 : 2 resonance (it is always important to recall that mechanisms efficient enough to deplete the 2 : 1 resonance may prove to be inefficient at depleting the nondepleted 3 : 2 resonance) (°4).
DEPENDENCE OF DIFFUSION RATE ON GI PERIOD

Symplectic Mappings
Once it is shown that GI perturbations play an important role in the creation of fast di †usion mechanisms, one has to Ðnd how these short-period perturbations act. To answer this question, the symplectic mapping previously used by Ferraz-Mello was improved in two respects. (1996, 1997) First, it was extended to three dimensions by using the spatial asymmetric expansion of the disturbing function recently proposed by et al. Second, the modelRoig (1998). ing of the GI terms was improved so as to be more realistic. In the previous mapping, the inequalities involving the quasi-critical combination were taken from 2j Jup [ 5j Sat the Ðrst-order theory of & Bretagnon That Simon (1975) . theory gives the current amplitudes and frequencies of these inequalities, which were kept Ðxed in S. F.-M.Ïs mappings, notwithstanding the long time span of the performed experiments. Thanks to J. L. Simon (1997, private communication) , we are able to use complete formulae giving the instantaneous amplitude and phases of the various terms forming the Great Inequality as explicit functions of the perihelion longitudes and eccentricities of Jupiter and Saturn. Thus, the new mapping correctly accounts for the time changes in the GI-associated perturbations.
With this new model, we performed several experiments integrating a grid of 165 initial conditions in the 2 : 1 resonance, for a time span of 100 Myr (see Roig & Ferraz-Mello In each experiment, we took into account the 1997, 1998). main long-period variations of JupiterÏs orbit (taken from Milani, & Carpino and we introduced ad hoc Nobili, 1989), modiÐcations of the value of the GI frequency to see how such modiÐcations in the short-period terms a †ect the basic dynamics of the asteroids. It is worth noting that these changes were introduced to the individual experiments in a consistent way, so we have also modiÐed the amplitudes of the di †erent GI terms accordingly (recall that the amplitudes depend on the inverse of the GI frequency). Some results are shown in where the circles represent Figure 1 , objects that "" escaped ÏÏ from the resonance during the experiments. Objects reaching an eccentricity in excess of 0.65 ( Ðlled circles), as well as those reaching e [ 0.5 with a semiamplitude of libration greater than 90¡ (open circles), were considered to have "" escaped.ÏÏ In the Ðrst case, the eccentricity is well above the lower boundary of the higheccentricity chaotic region, and in the latter one, the orbits come very close to Jupiter and are, likely, no longer protected by the resonance against the strong planetary inÑuence.
From these Ðgures, it can be noted that, in the central region of the resonance (between the pericentric branch C and the secular resonance), the escape mechanism is l 16 clearly a †ected by the GI perturbations and that the number of escapes is greater when the GI period is close to the libration period (about 440 yr in this region ; see Fig. 1d ). The immediate conclusion is that the proximity of the GI frequency and the libration frequency is ( f 5>2 ) ( f p ) responsible for the acceleration of the di †usive mechanisms in the region.
Outside the secular resonance line, for e [ 0.3, the l 16 libration period diminishes to about 300 yr. Again, we observed in our experiments that the number of escapes increases when the GI period is set to a similar value ( 
e \ 0.3 (in the region outside the line), a domain is seen l 16 that does not exhibit sensitivity to the changes of the GI frequency on the 100 Myr timescale. This is precisely the domain where a group of a few real asteroids (the Zhongguo group) is located Ðlled triangles). (Fig. 1f , For an idea of the long-term efficiency of the orbital di †u-sion, some of the experiments have been extended to 1 Gyr.
shows the results of these extensions over 300 Myr Figure 2 in two cases, with the GI period equal to 883 and 440 yr, respectively (that is, the present value of the GI period and a value equal to the libration period in the domain enclosed by
The results over 1 Gyr are almost the same : just a l 16
). few more points are added to the portraits. In any event, results beyond 1 Gyr are certainly impaired by the freezing of the simple model adopted for JupiterÏs motion for such an extended time span.
We note that in Figures and 2 all tests were made with 1 values of the GI period equal to or smaller than the actual one. We have also performed tests with larger values. However, this is equivalent to approaching the exact 5 : 2 resonance of the Jupiter-Saturn system ; in such cases, the other fundamental frequencies (the secular ones) are signiÐ-cantly altered and the experiments become less consistent.
Scaled Simulations
Results obtained with mappings always represent important indications of the truth, but they cannot be fully trusted unless conÐrmed by precise numerical integrations. However, in N-body numerical integrations, once the model is Ðxed, the freedom to switch di †erent perturbations on and o † no longer exists. In a four-body Sun-JupiterSaturn-asteroid model, all short-and long-period perturbations will be indistinctly computed. However, by acting on the planetsÏ initial conditions, we can change some important parameters of the model. For instance, we can change the GI period by just slightly changing the osculating initial semimajor axes of Jupiter or Saturn. However, what actually matters to scale the simulations are the averaged semimajor axes, since they directly inÑuence the GI period. Thus, to change the GI period, it is enough to time (yr) It shows that, just by choos-
it is possible to explore GI *j 0 , periods between 400 and 1300 yr. The actual value at t 0 \ JD 2,448,800.5 is shown by a plus sign.
shows the Figure 4 time evolution of JupiterÏs semimajor axis over 250,000 yr in the actual system (bottom) and in the one obtained taking 60¡ smaller (top). In these plots, the terms with period *j 0 less than 100 yr were Ðltered out by using a digital low-pass Ðlter. The di †erence of the mean value of JupiterÏs semimajor axis in these two cases is of the order of 10~3 AU. For Saturn, the e †ects are larger (D10~2 AU). yr~1 and yr~1. Notwithstanding the smallSdn Sat T D 10~3 ness of these changes, the GI period is reduced to half of its actual value. One may worry about the inÑuence of these changes on the other perturbations, but the huge change in the GI frequency happens only because it is critical and strongly a †ected by even tiny variations in the planetsÏ mean motions. The other perturbations are not critical : the other short-period frequencies and the important proper frequency change their values only slightly.
g 5 The behavior of three solutions, with both studied conÐgurations of the Jupiter-Saturn system, the actual initial starts its motion very close to the center of the resonance, with small initial inclination and initial eccen-(I 0 \ 0¡ .0001) tricity in the range 0.2È0.4, the consequence of the frequency beat between and is to increase the libration amplif p f 5>2 tude of the asteroid, allowing the asteroid to approach the resonance surface. In this surface, the orbital inclination l 16 rises and the asteroid is driven along the resonance to l 16 the border of the complex formed by the secular resonances and the Kozai resonance (the region above the l 5 , l 6 , dashed line in Soon after reaching this complex, the Fig. 5 ). eccentricity increases sharply, then the asteroid undergoes close approaches to Jupiter and is eventually expelled from the resonance. It is worth emphasizing that during the Ðrst phase of this evolution, when the libration amplitude increases to reach the resonance, the increase in the l 16 inclination is not important (see Fig. 6 ).
To give a better qualitative view of how the solutions evolve during the phase of libration amplitude increase, we use a di †erent representation, allowing us to see the libration of p. In the circular planar restricted three-body problem, the asteroidal motion is a libration about a Ðxed libration center. Such a motion is shown by a thick line in With Jupiter in an elliptical Ðxed orbit (still in the Figure 7 . planar problem), this line oscillates up and down with the period of the asteroidal perihelion, and in the nonplanar problem this oscillation is also modulated by the motion of the asteroidal node (more precisely, by *)). In a general four-body model, the center of libration is no longer Ðxed on the pericentric branch, but oscillates with all the former periods and also with those of the external oscillation modes, such as the secular frequencies and the GI g 5 , g 6 frequency To overcome the e †ects of this superposition f 5>2 . of many oscillation modes, we could plot only complete librations near *-\ 0, but we also need to Ðx the remaining angles. Thus, we have chosen to plot, in the (a, e)-plane, only the libration lines corresponding to *) D 0 and to equal phases of the angle shows the evolution g 6 t. Ðgure illustrates well some of the points discussed in this paper : (1) when the GI period has a value comparable to the period of libration, the di †usion is much faster than in the current actual case ; (2) during chaotic di †usion the solution preserves features of the modulated three-body motion, such as instantaneous libration about the center on the pericentric branch ; (3) the center migrates along the pericentric branch ; and (4) the di †usion is also clearly visible in the actual Jupiter-Saturn system even if on a (Fig. 8a) , smaller scale.
HOW THE GREAT INEQUALITY EXPELS ASTEROIDS FROM THE RESONANCE
The questions arising now are (1) why perturbations associated with the Great Inequality are important and (2) why the di †usion is so sensitive to the GI period and is enhanced when the values of the GI period are smaller than the actual one and match the libration period.
The answer to these questions is immediate and does not need more than a glance at the spectrum of the solutions.
shows the power spectra of the semimajor axis of Figure 9 solutions corresponding to solution 2 in they were Figure 5 ; calculated in the frame of the three-body Sun-Jupiter-asteroid model, and in the frame of the four-body Sun-JupiterSaturn-asteroid model with actual and modiÐed values of When Jupiter is the only planet considered *j 0 . (Fig. 9a) , the asteroidal motion appears regular and has a spectrum composed of simple combinations of the two proper frequencies : the libration frequency and the frequency of f p , the longitude of perihelion f -. When Saturn is included in the model the comb (Fig. 9b) , of lines corresponding to (k integer) continues to be f p^k fthe most distinctive spectral feature. But it is no longer clean. Other compositions (for instance, with become g 6 ) apparent, and we have a new and more complex structure formed by the frequencies (k, k@ integers). f p^k f -^k @g 6 The GI frequency, denoted as in is also f 5>2 Figure The overlap *j 0 . with the GI frequency is now near the central part of the band, and the result is a broadband spectrum characteristic of a very strong chaotic behavior.
The strong di †usion enhancement is a consequence of the beating between the GI frequency and the modula-( f 5>2 ) tions (k, k@ integers) of the asteroidal fref p^k f-^k@g 6 quency of libration, and is larger when k is small. When, during its variation, the frequency of libration (or of one of its modulations approaches the value of f p^k f-^k@g 6 ) the GI frequency, the dynamical system enters into a stochastic layer, where the asteroidal orbital elements may undergo a quasi-random variation. It is worth mentioning that the role of is also determinant, since the enhanceg 6 ment of the di †usion almost disappears if the modulation is artiÐcially excluded from the model (see & k@g 6 Roig Ferraz-Mello 1998).
The spectral features seen in are associated with Figure 9 the fact that the instantaneous libration frequency is not a constant (it is constant only in the restricted circular threebody problem). The range of variation of this frequency determines the degree of nonharmonicity of the dynamical system (i.e., how high is the order of the signiÐcant harmonics). It can be studied using wavelet analysis.
W avelet Analysis
shows the results of the wavelet analysis of the Figure 10 three solutions whose power spectra are shown in Figure 9 . In the case of the elliptic three-body problem (Fig. 10a) , although the range of frequency variation is large (libration period in the range 330È580 yr), the evolution of the libration frequency is periodic, with period and its mean 1/f -, value remains constant in time ; the motion is regular. The amplitude of libration right) is small and constant. (Fig. 10a , It is important to remember that this solution starts near the pericentric branch C.
In the case of the four-body model (Figs.  10c) , the 10b, oscillations of the instantaneous frequency (left panels) of libration and its amplitude (right panels) are modulated by the secular frequency (One may note that the frequency g 6 . in a solar system reduced to two large planetsÈJupiter g 6 , and SaturnÈis some 20% smaller than in the real solar system ; this frequency is also sensitive to the closeness to the exact Jupiter-Saturn 5 : 2 resonance and increases by 30% when the system approaches that resonance.) When the actual value of the GI frequency is used the (Fig. 10b) , simple analysis of the frequency time evolution in the time span of 600,000 yr is not enough to make any chaoticity apparent. However, the analysis of the amplitude evolution in time already shows a weakly di †usive process.
Finally, when the GI frequency value approaches the value of the frequency of libration of the resonant asteroid, strongly chaotic behavior appears
The location (Fig. 10c) . of the GI frequency is plotted by a thick line (in the previous cases, this line was below the graph scale). The mean value of the instantaneous frequency of libration and its amplitude vary largely ; after 600,000 yr, the libration amplitude reaches the value which corresponds to 0.01a Jup , a max B that is, the region on the (a, e)-plane where the 0.64a Jup , strong resonance is located. l 16
ABSENCE OF SIMILAR EFFECTS IN THE 3 :2 RESONANCE
There are many asteroids in this resonance (the Hildas), and given their large sizes, we can guess that most of the known ones are primordial. Thus, the mechanisms that we may devise to deplete the 2 : 1 gap must be tested against the 3 : 2 resonance, and be proved inefficient there. Indeed, no simulation has ever been reported showing asteroids escaping from the interior of the region accommodating the Hildas. The age of the belt is 4.5 Gyr, and integrations over such a span of time are far beyond possibility (not only for practical reasons).
We used the symplectic mapping (see in its two°2.1) versions (planar and spatial) to study the 3 : 2 real asteroids on a time span of 100 Myr. As we already mentioned, the main advantage of the mapping is that we can simulate a large number of initial conditions with a low computational cost, providing us with a signiÐcant statistical result.
A total of 82 real asteroids of the Hilda type were tested, using di †erent values of the GI period and considering similar criteria to search for "" escapes ÏÏ as those applied in the 2 : 1 resonance. Escapes were very rare (some 2%È3% of all experiments in which the solution remained in the domain of validity of the mapping) ; we did not observe any clear dependence of the number of these escapes with the value of the GI period (except that, without the GI perturbations, no escape was observed). Thus, this GI mechanism does not play its role in the 3 : 2 resonance with the same efficiency as it did in the 2 : 1 resonance.
The histograms of summarize these results for Figure 11 100 Myr and compare them with those obtained for the 2 : 1 resonance. In the 3 : 2 case the "" escapes ÏÏ slightly (Fig. 11b) , increase when the GI period is similar to the libration period (273 yr escapes, but experiments interrupted because of very high amplitude libration or low-eccentricity circulation, cases that are beyond the domain of validity of the mapping. Subsequently, some experiments were extended to 1 Gyr (using values of the GI period equal to 880 and 273 yr, respectively), with the same results.
Spectral analysis is an efficient tool to understand why the frequency-beating mechanism, which also seems to act in the 3 : 2 resonance, is not efficient enough to provoke the same e †ects as in the 2 : 1 resonance.
(top) shows frequency. We can see, near several peaks having almost f p , the same amplitude. At variance, in the spectrum of a solution in the 3 : 2 resonance, with bottom), we e 0 \ 0.3 (Fig. 12 , can see that only the main frequency has a large amplif p tude, while the modulations have much smaller f p^k famplitudes. Thus, in the 2 : 1 case the range of values of the GI frequency able to beat with any of the modulations of f p is much larger. The beating with a modulation will be almost as efficient as the beating with itself, causing the f p same enhancement of the di †usion rates. In the 3 : 2 case, however, just an exact beating between and should be f 5>2 f p efficient enough to accelerate the di †usion, and, of course, this is much more unlikely.
Another factor that may contribute to the low sensitivity of the 3 : 2 solutions to a beat with the GI frequency is the small amplitude of the Ñuctuations of the instantaneous libration frequency (see making the conditions for a Fig. 13 ), match more critical. A di †usion in the phase space associated with such frequency matching would not last long, since it would drive the solution away from the matching conditions.
CONCLUSIONS
Secondary and secular resonances are mechanisms of important chaotic transport in the 2 : 1 resonance. But they cannot explain the evolution of the orbits in the central part of the resonance and in the small domain where the asteroids of the group of Zhongguo are found. This failure was until very recently used to support the idea that the 2 : 1 gap should be of cosmogonic origin.
However, some recent precise numerical simulations & Michtchenko and (Morbidelli 1996 ; , the calculation of maximum Lyapunov exponents, show orbital di †usion in the whole phase space of the 2 : 1 resonance, and conÑict with the results from semianalytic models. The use of a symplectic mapping has allowed us to see that the di †erences between numerical and semianalytic results were due to the limitations of the models used in semianalytic studies, which, as a rule, did not consider the variations in the orbit of Jupiter associated with the 5 : 2 near-commensurability of the periods of Saturn and Jupiter.
The determinant role played by the perturbations associated with JupiterÏs Great Inequality proved its importance in studies using several di †erent techniques : symplectic mappings, numerical simulations, frequency di †usion charts, and wavelet analysis. The sensitivity of the di †usion process to the frequency of the Great Inequality allowed a detailed study of how these perturbations appear and are enhanced by a greater or lesser overlap of the GI frequency and the complex of spectral lines associated with the libration frequency.
In what concerns the enhancement of the phenomenon by a GI period smaller than the current one, we may recall that the expulsion of planetesimals from the solar system in primordial times may have been such that the orbits of Jupiter and Saturn migrated & Ip During (Ferna ndez 1996) . the tail of this process, which may have lasted many hundreds of millions of years, the GI period was increasing slowly, and crossed the optimum value of 440 yr used in the experiments described in this paper. This allows us to believe that the di †usive mechanisms associated with the "" Great Inequality ÏÏ may have been more efficient in the past than they are now. However, one must keep in mind that this migration is not necessary to explain the lack of asteroids in the Hecuba gap. The current rate of di †usion (see & Ferraz-Mello is sufficient to explain Nesvorny 1997) the observed gap, and the enhancement of the di †usion by smaller values of the GI period is important mainly because it gives us the practical possibility of better simulations of the involved phenomena in less computing time.
A still open question concerns the Zhongguo group. These asteroids are in the region of lower di †usion rate inside the gap. They could have hardly lasted there for the age of the solar system. Besides, they are very small and, thus, likely just fragments of primordial bodies. These two facts, and the proximity to the Themis family, leads us to believe that these asteroids were injected in the resonance later (see Morbidelli, & Migliorini However, Moons, 1998) . this particular problem apparently transcends the dynamics of the 2 : 1 resonance.
